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Introduction
We introduce a dynamically racemic probe, [Eu.L 1 ] 2+ , that can bind to a range of structurally different chiral O-phosphono anions, and signal the binding of the analyte via induction of circularly polarised luminescence.
Rather erratic progress has been made in the design of lanthanide-based probes for Ophosphono oxy-anions, and many recent examples simply offer detection via emission quenching or via displacement assays of limited utility 1 The parent phosphate dianion is usually considered to bind to a lanthanide centre through a single negatively charged oxygen atom. The hypothesis of monodentate binding is based on the analysis of kinetic emission and NMR spectroscopic data for a wide range of complexes, based on 12-N 4 ligand systems. 2, 3 For these examples, which are less sterically demanding than the 9-N 3 analogues described more recently, the available experimental data is in line with the preference of phosphate to act as a monodentate ligand to a single metal centre, as reflected in X-ray structural data (e.g. for Na + , Ca 2+ , Zn 2+ ). 4, 5 The development of CPL probes has been dominated by strongly emissive lanthanide(III) complexes, as they serve as pure spherical emitters with large emission dissymmetry factors. 6, 7 Time-gating techniques allow the signal from the lanthanide(III) centre to be observed selectively over the millisecond timescale, long after ligand fluorescence has decayed. [8] [9] [10] The emissive lanthanide excited state may be perturbed in a number of different ways. 11 In particular, changes in the ligand field that take place following reversible binding to the metal or the ligand, cause significant variations in emission spectral form, lifetime and polarisation. 1, [12] [13] [14] [15] The latter type of modulation is of particular use in signalling selectively the presence of chiral species in solution.
Emission spectra of Ln III complexes are well known to be sensitive to changes in the coordination environment determining the ligand field. [16] [17] [18] With europium(III) emission spectra, the oscillator strength of the magnetic-dipole (MD) allowed ΔJ = 1 transition (ca. 590 nm) is normally independent of the ligand environment. The ΔJ = 2 and ΔJ = 4 transitions (ca. 615 and 700 nm respectively) are electric-dipole (ED)allowed. In each case, they are hypersensitive to ligand perturbation. To a good first approximation, their intensities are directly proportional to the square of the ligand polarisabilities. Electric-quadrupole allowed transitions, e.g. 5 D 0 to 7 F 2/4 , gain ED strength via a quadrupole/induced dipole (Ln 3+ ion/ligand donor) mechanism of coupling. The induced dipoles on the ligands, in turn, are caused by direct coupling to the electric dipole components of the radiation field. In this way, the electric dipole strength of 4f-4f transitions is related to ligand dipolar polarisabilities and to the directional dependence (i.e. the anisotropy) of these polarisabilities. 19, 20 The perturbation of the ligand field has a major impact on the emission profile of Eu(III) complexes. Variation of the axial donor in mono-capped square-antiprismatic, 9coordinate complexes, for example, has a major effect on the relative intensity of the 7 F 2 ← 5 D 0 transition 21 , and has been exploited in signalling reversible anion binding to the metal centre. Examples of anion signalling and sensing have evolved, including practicable assays for lactate, bicarbonate and citrate, in complex bio-fluids. [22] [23] [24] [25] In an achiral environment, a racemic mixture of Eu(III) complexes does not exhibit CPL. Following addition of a chiral agent, a net CPL signal can be observed in principle. When a chiral anion binds reversibly to the metal centre of a racemic complex, diastereoisomeric complexes of differing relative stability are formed and may lead to an induced CPL signal, whose relative intensity is a function of the binding selectivity and conformational rigidity of the complex, on the emission timescale. Recently, a series of very bright Eu(III) complexes has been reported, in which 1,4,7-triazacyclononane (9-N 3 ) acts as the core ligand structure. Up to three pyridyl-alkynylaryl groups can be introduced to serve as the chromophore, allowing sensitised emission to take place. [26] [27] [28] [29] [30] [31] [32] In particular, coordinatively unsaturated complexes based on heptadentate ligands have been prepared 33 
Results and Discussion

Ligand and complex synthesis and characterisation
It was necessary first to synthesise an aromatic precursor containing a charged amino group that also contains an electrophilic benzylic substituent at the meta position. An N-methylbenzylamine group was selected, as it has an appropriate pK a value (~9.7), ensuring that it is positively charged at ambient pH and is not too sterically bulky. It also offers scope for stabilising hydrogen-bonding interactions.
The synthetic pathway began with formation of the mono-amide, 2: reaction of 1 with oxalyl chloride furnished the acid chloride, followed by addition of methylamine to generate the amide, 2. Simultaneous reduction of the amide and ester groups using LiAlH 4 in THF gave the amino-alcohol, 3. A reasonable yield was achieved by using the classical 'Fieser work-up' procedure: the granular aluminium salts that formed were easily removed by filtration. Protection of the amine with a formamide group was achieved using 2,2,2-trifluoroethylformate (TFEF). The formamide group was selected as it is removed under basic conditions. Therefore, deprotection could occur at the same time as hydrolysis of the methyl ester groups of the ligand. 
Scheme 3
The synthesis of the ligand was completed by alkylation of the secondary amine, 6, with the mesylate, 5, in MeCN in the presence of potassium carbonate. Treatment with base followed by complexation afforded the cationic complex, [Eu.L 1 ] 2+ , which was purified by reverse phase HPLC. The high absorbance of each complex in the range 332 to 352 nm arises from the strong ICT band. 23 The two Eu(III) complexes do not possess a bound solvent molecule. In each case, the steric demand imposed by the benzylic substituent suppresses solvent coordination. The lack of variation of the emission spectrum in water compared to methanol is consistent with the rate data analysis.
Anion binding behaviour
The anion binding behaviour towards hydrogenphosphate, bicarbonate and lactate was examined first, prior to a study of the more complex phosphorylated amino acid and hexapeptide anions (Scheme 4). 
Stereochemistry of a model hydrogenphosphate adduct : a DFT study
As the paramagnetic europium(III) complexes are rather difficult to model computationally, optimised geometries of the analogous diamagnetic yttrium(III) complex was investigated. It has been shown earlier that they serve as suitable models for the Eu analogues 26, [35] [36] [37] [38] ; consistent with the fact that the Y(III) ion differs in ionic for the europium analogues. The lowest energy minimum located without such an Nhydrogen interaction is 20.8 kJ mol -1 higher.
Figure 2
Top and side elevations showing the two lowest energy minima for [Y.L 1 (HOPO 3 )], in which the substituted phenyl groups are omitted for clarity; there is a directed hydrogen bond (green) between the negatively charged phosphate oxygen and the ammonium NH proton. secondly, the ligand hydrophobicity means there is a smaller second sphere of solvation which would otherwise stabilise the metal-coordinated solvent with respect to dissociation. Such solvation stabilisation models would require considerable computational efforts and are beyond the scope of this study.
Binding behaviour of the chiral anions and CPL studies
Emission spectral changes for [Eu.L 1 ] 2+ were investigated following the addition of revealing that there is no preference for a particular phosphorylated amino acid.
Such behaviour contrasts to previous work based on 12-N 4 europium (III) complexes, where a preference for O-P-Tyr was observed in pure water, most likely as a result of the lower hydration energy of the tyrosine moiety. 41 However, the study involving [Eu.L 1 ] 2+ was carried out in a 1:1 MeOH-H 2 O solvent system, to aid solubility.
Selective solvation of the complex by a cluster of methanol molecules is likely to be occurring, 42 and so the effect of the differential anion hydration energy is diminished.
It is worth noting that no change in the emission spectrum was observed following addition of a 1000-fold excess of the non-phosphorylated amino acids. Binding must occur through the anionic phosphate group. Three phosphorylated peptides were selected for this study, varying in the phosphorylated residue (Ser or Tyr) and the number of phosphorylated sites (mono or di). The corresponding non-phosphorylated peptide, GAPYKF, was also studied as a control. These systems had been used earlier in related emission studies using 12-N 4 based cationic complexes. 41 In order to try and gain insight into the solution state structures of the three phosphorylated peptides, electronic circular dichroism (ECD) and 2D 1 H NMR methods were used to assess peptide conformation. The hexapeptides each contain a proline residue, which can often induces a turn in peptide, particularly when followed by an aromatic residue. 43 Weak ECD activity (around 200-230 nm) was observed for each of the three phosphorylated peptides. The hexapeptides GAPY*KF and GS*PY*KF exhibited ECD spectra that were very similar in form, consistent with the assignment of an open conformation peptide. 44 In the case of GS*PFKF, the ECD spectrum was slightly more well-defined with a positive and negative component at The di-phosphorylated peptide, contains both a phosphorylated serine and tyrosine residue. The induced CPL is much weaker than for the other two peptides, and appears to be an additive sum of the two separate spectra. One possible explanation is that the complex has no preferential binding site, as the estimated affinity constants for the O-P-amino acids are the same (vide supra). Therefore, the emission spectrum were very subtle, following addition of the phosphorylated peptide, GAPY*KF. It was much more informative to monitor the switching on of CPL with the system, particularly because the g em values were as large as +0.10 ( Figure 5 ). The change in the intensity of the ΔJ = 2 and ΔJ = 1 transitions of the emission spectrum was plotted as a function of added concentration of peptide, and the data was fitted to a 1:1 binding isotherm, following iterative least-squares fitting. The estimated binding affinity in methanol, logK = 5.9 (±0.1), was very large and consistent with the value obtained by plotting the induced g em values against concentration of peptide, logK = 6.1(±0.1). Such behaviour implies that the charged amino complex, [Eu.L 1 ] 2+ , has a strong binding affinity with GAPY*KF, and that the major chiral species in solution is the most emissive species. A slightly higher binding affinity was calculated from the CPL data suggesting that it is associated with formation of the favoured isomer (Δ).
Figure 3
A similar experiment was carried out for the peptide GS*PFKF, however the data did not fit well to a 1:1 binding model, and a stability constant could not be reliably Some attempts have been made to develop lanthanide probes able to detect LPA in MeOH, by monitoring an increase in the fluorescence intensity of the ligand. 47 In a study using a coordinatively unsaturated europium (III) salophene complex of illdefined speciation, an apparent selectivity of binding was demonstrated in methanol for a number of competitive analytes, such as serum albumin, phospholipids (phosphatidylserine, phosphatidylinositol, phosphatidylethanolamine) and selected carboxylates (phosphate and citrate). However, selectivity over bicarbonate and lactate (anions present at the highest physiological concentration) was not discussed.
Furthermore, the chemical origin for the particularly high affinity of the europium (III) complex for LPA was neither apparent nor investigated. The study monitored the fluorescence response of the europium (III) complex in methanolic extracts of human serum, spiked with LPA. However, no information regarding the composition of the extract was given, making it difficult to determine the nature of the background medium in which LPA was 'selectively' detected. This particular lanthanide probe relied on short-lived ligand-centred emission to detect the biomolecule.
The anion LPA has a lower pK a2 than phosphatidic acid (PA), the related phospholipid with a simple phosphate head group, illustrated by the calculated values in a phosphatidylcholine bilayer (PA: pK a1 3.2 ± 0.3, pK a2 7.92 ± 0.03; LPA: pK a1 2.9 ± 0.3, pK a2 7.47 ± 0.03). 48 Intramolecular hydrogen bonding is observed between the hydroxyl group on the glycerol backbone of the molecule and the phospho-monoester head group in the crystal structure, and is believed to persist at physiological pH ( Figure ) . 48, 49 Therefore, ionisation of the phosphate hydroxyl group of LPA occurs more easily than for PA (and other phosphate anions), generating a higher negative charge on the analyte, facilitating proposed binding to a positively charged probe, for example [Eu.L 1 ] 2+ . LPA must bind to the lanthanide centre via the phosphate head group, in the same mode discussed for the phosphorylated amino acids and peptides in the preceding sections.
Emission and induced CPL studies with LPA
The emission spectral form changes following addition of LPA to [Eu.L 1 ] 2+ were particularly apparent in the ΔJ = 1 transition, which broadened from a single manifold, into three distinct transitions, (Figure 7) . (Table ) . 
Summary and Conclusions
This study has demonstrated that [Eu. The bis-alkylated ligand, 6, (23 mg, 0.031 mmol) and K 2 CO 3 (5 mg, 0.037 mmol) were dissolved in anhydrous CH 3 CN (2.5 mL) and bubbled with argon (20 minutes). The mesylate 5 (8 mg, 0.031 mmol) was added and the mixture was stirred under argon at 65 °C and monitored by LC-MS. After 24 h the reaction was cooled and filtered to remove excess potassium salts. The solvent was removed under reduced pressure and the crude material was purified by flash column chromatography (silica, gradient elution starting from 100% CH 2 Cl 2 to 10% CH 3 OH in CH 2 Cl 2 in 1% increments) to give 7 as a glassy solid (13 mg, 46% 
